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ABSTRACT
Reverberation observations yielding a lag spectrum have uncovered an Fe Kα
fluorescence line in the tidal disruption event (TDE) Swift J1644+57 (Kara et al.
2016). The discovery paper used the lag spectrum to argue that the source of the X-
ray continuum was located very close to the blackhole (∼ 30 gravitational radii) and
moved sub-relativistically. We reanalyze the lag spectrum, pointing out that dilution
effects cause it to indicate a geometric scale an order of magnitude larger than inferred
by Kara et al. (2016). If the X-ray continuum is produced by a relativistic jet, as
suggested by the rapid variability, high luminosity and hard spectrum, this larger
scale predicts an Fe ionization state consistent with efficient Kα photon production.
Moreover, the momentum of the jet X-rays impinging on the surrounding accretion
flow on this large scale accelerates a layer of gas to speeds ∼ 0.1–0.2c, consistent with
the blueshifted line profile.
Implications of our results on the global picture of jetted TDEs are discussed. A
power-law γ/X-ray spectrum may be produced by external UV-optical photons be-
ing repetitively inverse-Compton scattered by cold electrons in the jet, although our
model for the Kα reverberation does not depend on the jet radiation mechanism (mag-
netic reconnection in a Poynting jet is still a viable mechanism). The non-relativistic
wind driven by jet radiation may explain the late-time radio rebrightening in Swift
J1644+57. This energy injection may also cause the thermal UV-optical emission from
jetted TDEs to be systematically brighter than in non-jetted ones.
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1 INTRODUCTION
A new type of γ/X-ray transients—tidal disruption events
(TDEs) with jets—was established by the discovery of
Swift J164449.3+573451 (hereafter Swift J1644+57, Bloom
et al. 2011; Burrows et al. 2011; Levan et al. 2011; Za-
uderer et al. 2011), Swift J2058.4+0516 (hereafter Swift
J2058+05, Cenko et al. 2012) and possibly a third one Swift
J1112.2+8238 (Brown et al. 2015). They are observation-
ally different from other non-jetted TDEs discovered in the
UV-optical band (e.g. Gezari et al. 2009, 2012; Arcavi et al.
2014; Holoien et al. 2016; Hung et al. 2017) and soft X-ray
band (e.g. Komossa et al. 2004; Saxton et al. 2012, 2016) in
that they are much brighter, have harder X-ray spectra and
vary on much shorter timescales (Bloom et al. 2011).
? wenbinlu@astro.as.utexas.edu
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The generic model for TDEs is that they begin when a
star with massM∗ and radius R∗ falls toward a supermassive
blackhole (BH) of mass M = 106M6M along a parabolic
orbit with pericenter distance smaller than the tidal disrup-
tion radius RT, a distance determined by matching the BH’s
tidal forces to the star’s self gravity
RT ' R∗
(
M
M∗
)1/3
, (1)
which is ' (7.0 × 1012 cm) M1/36 (M∗/M)−1/3(R∗/R) for
a main-sequence star.
The initial condition for a TDE is very simple, but the
dynamics after disruption are extremely complicated due
to the 3 dimensional nature and the wide range of time-
/length-scales involved. Because constructing a global de-
terministic model is a formidable task, various analytical
and numerical calculations have been carried out studying
different aspects of the post-disruption physics, e.g. fall-back
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stream evolution (e.g. Kochanek 1994; Lodato et al. 2009;
Stone et al. 2013; Guillochon & Ramirez-Ruiz 2013, 2015;
Coughlin et al. 2016), stream-stream collisions (Jiang et al.
2016), stream magnetization (Guillochon & McCourt 2016;
Bonnerot et al. 2016), disk formation (Shiokawa et al. 2015;
Bonnerot et al. 2016; Sa¸dowski et al. 2016), disk evolution
(Shen & Matzner 2014; Piran et al. 2015a), possible large-
scale envelope inflation (Loeb & Ulmer 1997; Coughlin &
Begelman 2014), super-Eddington disk winds (Strubbe &
Quataert 2009; Metzger & Stone 2016), jet propagation (De
Colle et al. 2012), and unbound debris evolution (Guillo-
chon et al. 2016; Krolik et al. 2016). Many of these studies
are very recent and this subject is developing rapidly.
Since different dynamical processes are deeply intercon-
nected, it is crucial to put together different pieces of obser-
vations to understand the bigger picture (e.g. Krolik et al.
2016). The three most distinct observational components of
a jetted TDE are: non-thermal γ/X-ray emission, thermal
UV-optical emission, and non-thermal radio/mm emission.
The first is often thought to be the result of internal dissi-
pation within a jet; the second is sometimes identified with
the surface of the accretion flow and sometimes with a repro-
cessing outflow; the third is generally attributed to external
shocks formed when an outflow runs into the circum-nuclear
medium. In this paper, we propose that the radiation from
the jet, upon striking the accretion flow, can drive a kind of
outflow not previously considered.
Swift J1644+57, at redshift z = 0.354 (Levan et al.
2011), has a rich set of data in terms of time (minutes
to years) and multi-wavelength (radio to γ-rays) cover-
age; see the referenced discovery papers. The non-thermal
γ/X-ray emission had averaged1 isotropic luminosities 1047-
1048 erg s−1 in the first 10 d (hereafter host-galaxy rest
frame time) and then declined roughly as t−5/3 until a sud-
den drop at about 370 d (Zauderer et al. 2013; Mangano et
al. 2016). The X-ray lightcurve showed very fast variability
with a minimum variability timescale ' 78 s (host-galaxy
rest frame time). The observed X-ray spectrum for Swift
J1644+57 by Swift/XRT in the 0.3(1+z)-10(1+z) keV range
was a power-law Fν ∝ ν−α with early time (25-86 d) spec-
tral index α ' 0.8 and late time (∼100 d) α ' 0.5 (Saxton et
al. 2012). The early time spectrum extends up to 150(1+z)
keV without a break (Burrows et al. 2011). Therefore, most
of the radiation energy is on the high frequency end, which
possibly extends to the electron rest-mass energy or higher.
Unfortunately, due to the large dust extinction AV ∼
10 mag, Swift J1644+57 was not observable in the UV where
the peak of the thermal disk/envelope emission is predicted
to be (e.g. Loeb & Ulmer 1997). After correcting for dust
extinction, the thermal component can be seen in the near-
infrared (Levan et al. 2016). Swift J2058+05 was similar to
1 In the first a few days, the γ/X-ray lightcurve of Swift
J1644+57 had multiple hard flares, with rise time ∼ 100 s, flare
duration ∼ 1000 s and quiescent interval ∼ 5×104 s. These prop-
erties have been attributed to the disruption of a white dwarf (by
an intermediate-mass BH) instead of a main-sequence star (Kro-
lik & Piran 2011). Our analysis in this paper deals with processes
happening at large radii & 1013 cm and is hence insensitive to
the nature of the disrupted star and the BH mass.
Swift J1644+57 in the X-ray band2 but had much less dust
extinction (AV ∼ 0.5 mag, Cenko et al. 2012). The ther-
mal UV-optical emission from Swift J2058+05 was observ-
able up to 60 days after discovery (Pasham et al. 2015). We
call the source of the thermal UV-optical component the
envelope in general, which could be a thick disk or quasi-
spherical envelope inflated by radiation pressure (Loeb &
Ulmer 1997; Coughlin & Begelman 2014), an optically thick
wind launched from the disk (Metzger & Stone 2016), or the
shock from stream-stream collisions (Piran et al. 2015b). It
is widely known that the photospheric radii of the thermal
UV-optical emission in TDEs are much larger than the tidal
disruption radius given by eq. (1); see the referenced TDE
discovery papers and we also provide a simple estimate in
Appendix A. We point out that, if the conversion from jet
energy to radiation occurs below the photosphere of the en-
velope, the jet radiation will likely interact with and affect
the dynamics of the envelope.
An evidence of this interaction is the Fe Kα line de-
tected in Swift J1644+57 by XMM-Newton at ∼ 14 d (and
possibly also by Suzaku at ∼ 7 d) post-discovery (Kara et al.
2016). The flux variations of the Fe Kα line in the frequency
range (2-10)(1 + z) × 10−4 Hz followed the corresponding
variations in the continuum at 4-5 keV and 8-13 keV with
a lag time of ∼ 120/(1 + z) s. This is most naturally ex-
plained by fluorescence of the jet X-rays off an ionized re-
flector. The peak of the lag-energy spectrum is at ' 8 keV,
which corresponds to a line-of-sight (LOS) velocity ' 0.1-
0.2c, considering the rest line energy between 6.4 and 6.97
keV (depending on the ionization state of Fe). Since we are
viewing the system at a low inclination (with the jet axis
close to our LOS), such a high velocity is hard to associate
with the rotation of a disk, so the reflector must be an out-
flow moving away from the disk toward us (see a schematic
picture in Fig. 1).
In this paper, we study the interaction between jet ra-
diation and the surrounding envelope and discuss how this
interaction affects the dynamics of the envelope and impli-
cations on the global picture of jetted TDEs. In section 2,
we discuss the physical constraints on the jet Lorentz factor
and show that the jet is moving at a relativistic speed. In
section 3, we discuss the physical state of the envelope based
on observations of Swift J2058+05, a close analog to Swift
J1644+57. In section 4 and 5, we study how the observed
Kα line is produced in the jet-envelope interaction. Implica-
tions of our results and some possible issues are discussed in
section 6. A short summary is in section 7. Unless otherwise
clearly stated, all frequencies, time and luminosities in this
paper have been de-redshifted to the host-galaxy rest frame
(for Swift J1644+57 at z = 0.354). Throughout the paper,
the convention Q = 10nQn and CGS units are used.
2 RELATIVISTIC MOTION OF THE JET
In this section, we derive a conservative lower limit of the
bulk Lorentz factor of the γ/X-ray emitting plasma from
simple Compton scattering arguments. The radiation seen
2 Unfortunately, Swift J2058+05 is much farther away (by a fac-
tor of ∼ 4) and no reverberation observation was carried out.
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by the observer is also impinging and exerting a Comp-
ton force on electrons in the (optically thin) source. This
is equivalent to the case where an electron is at a distance
R from a point source of the same luminosity.
Let this electron move with speed β (Lorentz factor Γ =
(1 − β2)−1/2) radially outward from an isotropic radiation
source of L. For a baryonic jet, the electron, with the inertia
of a proton mp, experiences an acceleration from Compton
scattering
dp′
dt′
= Γ2(1− β)2 LσT
4piR2c
, (2)
where the momentum and time in the electron’s comoving
frame are denoted with a prime (′) and the R.H.S. is the
momentum flux in the comoving frame multiplied by the
Thomson cross section σT. Going back to the rest frame of
the BH, it can be shown that dp′/dt′ = mpc d(Γβ)/dt.
Using dR = βcdt, R = 1013R13 cm and L =
1047L47 erg s
−1, we obtain
Γβdβ
(1− β)2 = 11.8L47
dR13
R213
, (3)
which can be integrated analytically. For initial condition
β = 0, an electron accelerated from R to 2R attains a
Lorentz factor given by
2β − 1
3Γ(1− β)2 = 5.9
L47
R13
− 1
3
. (4)
With bolometric correction of a factor of a few, the typical
γ/X-ray luminosity of Swift J1644+57 within the first ∼ 10
days is L ' 3×1047 erg s−1, so an electron accelerated from
R to 2R attains a Lorentz factor of Γ = (2.6, 1.9, 1.5, 1.3)
when R = (1, 3, 10, 20) × 1013 cm. These are conservative
lower limits for the jet Lorentz factor at the radius where
γ/X-rays are produced.
The X-ray emission from Swift J1644+57 had a mini-
mum variability timescale tvar,min = 78 s. If the X-ray source
is moving at Lorentz factor Γ toward the Earth and the co-
moving size of the emitting region is R/Γ (the causally con-
nected region), the jet radiation radius can be estimated by
(Bloom et al. 2011)
R ' Γ2ctvar,min = 2.3× 1012Γ2 cm. (5)
Combining eqs. (4) and (5), one obtains Γ ' 2.4, which may
be considered as a lower limit of the Lorentz factor at the
radius where the jet is radiating.
Note that the variability timescale could be affected by
many factors (e.g. the comoving size of the emitting region
could be much smaller than R/Γ), so we do not use tvar,min
as a hard constraint on the relation between R and Γ. We
also note that, for a baryonic jet with hot electrons (elec-
trons’ Lorentz factors in the comoving frame γe > 1) or with
lepton-to-proton number ratio larger than 1, the lower limit
on Γ will be stronger.
On the other hand, if the jet is Poynting-dominated and
the lepton-loading is very low, the effective inertia of an elec-
tron could be larger than mp, so Compton acceleration may
not be efficient3. However, the jet will accelerate as a result
3 Poynting-dominated jets could be dissipative over certain range
of distances from the central engine. The following two rea-
sons could lead to a larger acceleration: (1) an outward gradient
of its own magnetic pressure gradient. The fast X-ray vari-
ability implies that the jet is not continuous but intermittent
with individual “blobs” likely having durations t0 . tvar,min.
If the initial magnetization of such a blob σ0  1, it quickly
accelerates to a Lorentz factor Γ ' σ1/30 after propagating a
distance of R0 ∼ ct0 . 2.3× 1012 cm, and then the Lorentz
factor increases with radius R as Γ ∼ (σ0R/R0)1/3 until the
saturation radius Rs ' σ20R0 (Granot et al. 2011). For in-
stance, for σ0 ' 10, the jet in Swift J1644+57 can accelerate
to Γ & 5 at ∼ 1013 cm from the BH. The acceleration could
be even faster when there is extra collimation. Komissarov
et al. (2007) show that for σ0 ' 10, Poynting-dominated
jets accelerate to Γ ' 5 at 10-30Rlc, where Rlc ' 4Rg is the
light cylinder radius of a fast spinning (a ' 1) Kerr BH and
Rg = GM/c
2 is the gravitational radius.
We also note that the early time γ/X-ray spectrum of
Swift J1644+57 is a power-law Fν ∝ ν−α (α ' 0.8) extend-
ing up to 200 keV without a break (Burrows et al. 2011;
Bloom et al. 2011). If this power-law continues extending
up by a factor of a few to ∼ MeV energy, relativistic motion
is needed to alleviate the compactness problem. For exam-
ple, for luminosity νLν |MeV ' 1047 erg s−1 and minimum
variability time tvar,min ' 102 s, the optical depth for pair
production reaches τγγ ∼ 105, which can be reduced by a
factor of Γ−6+2α if the source is moving toward the Earth
at Lorentz factor Γ.
Another argument for a relativistic jet is that, when the
X-ray source is non-relativistic, Fe ions are fully stripped and
hence Kα production is strongly suppressed (see section 4).
3 PHYSICAL STATE OF THE ENVELOPE
In this section, we discuss the physical properties of the ther-
mal UV-optical source. We call it the envelope because it
wraps around the relativistic jet. This region is the presump-
tive source of Kα photons. We discuss its temperature, pho-
tospheric radius, density, pressure, etc. Interaction between
jet radiation and the envelope will be discussed in the next
section.
When the bound stellar mass returns to the vicinity of
the BH, several shock systems are formed (Shiokawa et al.
2015). One, the “nozzle shock”, forms near the stellar peri-
center as debris streams converge toward the orbital plane;
this shock deflects a minority of the bound mass in toward
the BH, while a majority of the material continues along
the highly-elliptical orbits. Other shocks form where the
streams intersect in the orbital plane. If the stellar pericen-
ter Rp & 10Rg (where Rg ≡ GM/c2), these shocks are near
the apocenters of the stream orbits, ultimately creating an
extended accretion flow on the scale of the semi-major axis
of the most-bound debris, ∼ (M/M∗)1/3RT. On the other
hand, if the stellar pericenter Rp . 10Rg, relativistic apsidal
precession is strong enough to bring those shocks in to radii
not much greater than Rp (Dai et al. 2015). Because the
in-plane shocks dissipate an amount of energy comparable
of magnetic pressure when dissipation causes magnetic energy
to decrease with distance (e.g. Drenkhahn & Spruit 2002); (2)
the Compton rocket effect when leptons are accelerated to high
Lorentz factors in the comoving frame (e.g. Odell 1981; Phinney
1982).
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to the binding energy of the orbit, and the cooling time is
generally comparable to or longer than the orbital timescale
(Piran et al. 2015b), the resulting structure is geometrically
thick. However, because some of its support remains rota-
tional, a cone aligned with the angular momentum axis is
left almost clear of gas (this picture is complicated by Lense-
Thirring dynamics, a point we neglect for the time being). If
our viewing angle lies within the opening angle of the cone,
the likely state when we are seeing radiation from a jet, we
can see the inner surface of this cone directly.
The radial scale on which the majority of the mass is
distributed can be estimated in two ways. One is the semi-
major axis scale of the most-bound debris already men-
tioned. Another is phenomenological, by identifying the UV-
optical emission with thermal radiation from the photo-
sphere of the optically thick gas and measuring (or at least
constraining) its temperature from the observed spectrum.
This latter method may have large uncertainty when applied
to Swift J1644+57 because of its large extinction (we pro-
vide a rough estimate in Appendix A). On the other hand,
if we suppose that other TDEs can be used as stand-ins
for Swift J1644+57, it can be applied to them. In the case
of many ordinary “thermal” non-jetted TDEs, this method
yields radial scales quite consistent with the semi-major axis
estimate (Piran et al. 2015b); see also Appendix A for simple
estimates.
Perhaps a closer analog to Swift J1644+57, however,
is Swift J2058+05, whose output was similarly dominated
by hard X-rays. In this case, UV-optical continuum was
detected, but the thermal component was entirely in the
Rayleigh-Jeans (R-J) limit, and could therefore place only a
lower bound on the temperature kT > hν0 (ν0 being the de-
tection frequency). We may place a upper bound on the radi-
ating area of Swift J2058+05 because the specific luminosity
from a thermal surface in the R-J limit is Lν0 ∝ R2phν20T . For
Swift J2058+05, the specific luminosity at ν0 = 1.0×1015 Hz
is ν0Lν0 = 1.3× 1044 erg s−1 (Pasham et al. 2015) about 11
days post discovery, and then this argument implies a radial
scale at most ∼ 5 × 1014 cm. On the other hand, the bolo-
metric luminosity from a thermal surface is Lbol ∝ R2phT 4
and it should be less than ∼ 1047 erg s−1 given by the total
energy budget4 of ∼ 1053 erg and duration ∼ 106 s. This
argument gives a radial scale at least ∼ 2 × 1014 cm. Al-
though these arguments are based on spherical-symmetry
assumption, we do get a good insight on the radial scale of
the thermal envelope being a few×1014 cm.
This radial scale estimate describes Swift J2058+05,
but we will henceforward adopt 1014 cm as a fiducial ra-
dial scale for the accretion flow around Swift J1644+57. In
terms of this fiducial scale, we can make several estimates
defining characteristic conditions of the bound gas of total
mass Mb. Assuming solar metallicity with Thomson opacity
κT = 0.34 cm
2 g−1, we have the Thomson optical depth
τT ' 2× 103(Mb/0.4M)R−214 and mean mass density
ρ¯ ' (2× 10−10 g cm−3) (Mb/0.4M)R−314 , (6)
4 About half of the star remains bound and about half of the
bound mass falls back within the Keplerian period of the most
bound orbit. Other processes, e.g. adiabatic expansion and accre-
tion efficiency being less than unity, will likely reduce the radia-
tion energy to ∼ 10% of the total rest mass energy available.
implying an electron number density of n¯e ' (1 ×
1014 cm−3) (Mb/0.4M)R−314 . For photons with energy near
kT , the bound-free opacity, which dominates over free-free
opacity in the temperature and density ranges of interest, is
κbf ' (0.4 cm2 g−1) T−7/25 (Mb/0.4M)R−314 , which is com-
parable to the Thomson opacity κT. We scale here to a tem-
perature of 105 K to be consistent with the R-J character of
the Swift J2058+05 UV-optical spectrum (T & 6 × 104 K,
Cenko et al. 2012). Also for Swift J2058+05, the energy bud-
get constraint Lbol . 1047 erg s−1 restricts the temperature
to be T . 2.5× 105 K.
In these conditions, radiation pressure aT 4/3 '
2 × 105T 45 dyne cm−2 (a being the radiation con-
stant) dominates over gas pressure 1.4ρ¯kT/mp ' (2 ×
103 dyne cm−2) T5(Mb/0.4M)R−314 . If the isotropic equiv-
alent X-ray luminosity LX ∼ 1047 erg s−1 were aimed along
the normal to the inner surface of the gas cone, it would
exert a pressure ∼ 3 × 107R−214 dyne cm−2, much greater
than either the gas or thermal radiation pressure we have
estimated. However, if the jet is both relativistic and runs
along the axis of the open cone, the flux striking the sur-
rounding gas is reduced relative to its maximally beamed
value by both relativistic beaming and geometric projec-
tion. For a relativistic point source with spectrum Fν ∝ ν−α
(α ' 0.8 in the first a few weeks, Burrows et al. 2011;
Bloom et al. 2011), the reduction due to the former is
' [Γ2(1−β cos θ)]−(3+α) in the polar-angle direction θ from
a jet traveling at βc and Lorentz factor Γ 1; the latter is
cosψ, where ψ is the angle between the ray direction from
the source to the surface and the surface normal. It is also
possible that the flux incident on the surrounding gas can be
augmented at order-unity level by X-rays that are reflected
by the one part on the inner cone surface and then strike
again somewhere else across the cone. The reduction in pres-
sure is another factor of cosψ times the reduction in flux.
The location of the cone surface may be determined by pres-
sure balance from the jet radiation, centrifugal force, gravity
and the intrinsic gas thermal pressure. A schematic picture
of the transition region between the jet and the optically
thick envelope is shown in Fig. (1).
4 IRON Kα EMISSION LINE
Knowing the properties of the surrounding envelope, we dis-
cuss the conditions required to produce a Kα line consistent
with observations. We focus on the ionization state of Fe
(§4.1) and equivalent width (§4.2) and broadening (§4.3) of
the Kα line. At the end (§4.4), we propose that the momen-
tum of the jet X-rays impinging on the envelope accelerates
a layer of gas to speeds ∼0.1-0.2c, consistent with the ob-
served blueshift. Lag time will be discussed in section 5.
4.1 Ionization state of Fe
Kara et al. (2016) reported a detection of an Fe Kα emis-
sion line in the lag-energy spectrum from Swift J1644+57
and explained it as due to fluorescence from an outflow-
ing funnel wall exposed to X-rays from a sub-relativistically
moving source close to the BH. The lag-energy spectrum re-
lated variations of the line flux and the continuum over the
c© 2015 RAS, MNRAS 000, 1–13
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Figure 1. Schematic picture of the transition region between
the jet and the optically thick envelope. The γ/X-rays from the
jet (in red wiggly lines) impinge on the optically thick envelope
(light blue region). The surface where the Thomson depth of the
envelope τ = 1 is called the Thomson surface and denoted by
a black dashed curve. The part of the envelope with Thomson
depth τatm ∼ 3 where the γ/X-rays can diffuse to is called the
atmosphere. The mean value of the Fe ionization state < Fe >,
i.e. the averaged number of positive charges per Fe ion, decreases
as we go deeper into the envelope. We show in §4.1 that the
conditions such that Fe ions have a few bound electrons can be
realized in the atmosphere, so Kα line photons (in blue wiggly
lines) can be naturally produced in those regions. We also show
in §4.3 that the atmosphere can be accelerated to speeds ∼ 0.1-
0.2c by the momentum kick from the incident γ/X-rays.
frequency range (2-10)(1 + z) × 10−4 Hz, and the observed
peak lag was ∼ 120/(1 + z) s.
In their kinematical toy model, the X-ray source is sta-
tionary at a point on the funnel axis 30Rg from the BH, the
funnel opening angle is 30-45o, and the gas at the funnel
wall accelerates radially outward from 0.1c to ∼ 0.5c. The
wall fluoresces from 6Rg out to 200Rg. They also suggest a
BH mass of 2 × 106M, which places the X-ray source at
9× 1012 cm from the BH.
However, this model is problematic in several ways.
The first has to do with the ionization state of the gas at
the funnel wall. Since the X-rays are emitted isotropically
in the model, the luminosity per unit solid angle incident
on the funnel is the same as we see, LX = 4pidLX/dΩ =
1047LX,47 erg s
−1 in the 0.3(1+z)-10(1+z) keV band. If we
focus on ionization of H-like Fe (Fe25+), the threshold en-
ergy is hνth = 9.3 keV, so only the portion of the spectrum
above that energy is relevant. The observed spectral slope
Lν ∝ ν−0.8 leads to a luminosity νLν |νth = 0.37LX at the
threshold energy. With the assumption that the distance
from the BH to the X-ray source (∼1013 cm) is the same
as the characteristic distance from the source to the funnel
(a good approximation for this conical geometry), the X-ray
flux incident on the funnel is νFν |νth ' 3 × 1019 erg cm−2.
Then, the photoionization timescale for Fe25+ is
tpi =
(∫ ∞
νth
σpi(ν)
Fν
hν
dν
)−1
=
(3 + α)hνth
σpi,th(νFν |νth)
' (6× 10−8 s) L−1X,47
(7)
where we have used the photoionization cross section σ(ν) =
σpi,th(ν/νth)
−3 and σpi,th ' 3.3 × 10−20 cm2 for Fe25+
(George & Fabian 1991). On the other hand, the recom-
bination timescale from Fe26+ to Fe25+ is
trec ' (αAne)−1 ' (5× 10−5 s) (ρ/ρ¯)−1T 0.75 , (8)
where we have used the Case A recombination rate coeffi-
cient αA ' (2.0 × 10−10 cm3 s−1) T−0.75 (Draine 2011) and
the mean density ρ¯ estimated in eq. (6). Comparing eq. (7)
with eq. (8), we see that only ∼ 10−3 of all Fe ions retain
even a single electron, and the Kα production rate is cor-
respondingly suppressed. Note that we previously justified
an estimated temperature for the funnel wall of ∼ 105 K
on the grounds that it had to be hot enough to make the
UV-optical continuum of Swift J2058+05 entirely within the
Rayleigh-Jeans range; strong photoionization can drive the
temperature to at least this level.
Second, from section 2, we know that a baryonic dom-
inated source will be accelerated by the radiation pressure
to Lorentz factors Γ & 2.5 for if the γ/X-rays are produced
at R . 1013 cm. A magnetic energy dominated source will
also accelerate to relativistic speeds due to its own magnetic
pressure gradient. Moreover, as we have shown in section 3,
for a sub-relativistic source from which γ/X-rays are emitted
nearly isotropically, the radiation pressure of the γ/X-rays
will push the envelope out to much greater distance, vitiat-
ing the lag-time argument in Kara et al. (2016).
Third, it is unclear how a sub-relativistic source can pro-
duce a hard γ/X-ray spectrum (Burrows et al. 2011; Bloom
et al. 2011), given that the source is suffused by a large injec-
tion of thermal seed photons from the surrounding envelope.
All the problems in the model of Kara et al. (2016) can
be solved readily by two modifications: (i) moving the radial
scale of the fluorescing matter outward by an order of mag-
nitude, to the scale suggested by tidal disruption dynamics,
and (ii) putting the source of γ/X-rays in a relativistic jet.
We will reconcile the latter change with the lag spectrum in
section 5.
Moving the fluorescing matter to a radius 10 times
greater (∼1014 cm) reduces the flux by a factor of ∼
10−2 cosψ, where ψ & 60o is the angle between X-ray di-
rection and the surface normal (see Fig. 2). If the γ/X-ray
source is, in fact, a relativistic jet, then the flux on the en-
velope surface can be reduced by an additional factor of
ηrel . 0.1/(cosψ) by placing the surface outside the rela-
tivistic beaming cone. As shown later in §4.2, this reduc-
tion factor is related to the Kα equivalent width and is con-
sistent with observations. Combining these two effects, the
photoionization timescale can easily rise to be comparable
to or greater than the recombination time, so that most Fe
ions retain at least one electron. As already remarked, the
same reduction in flux due to jet-beaming also permits an
equilibrium between the X-ray radiation pressure and the
envelope pressure. Lastly, bulk Comptonization can lift the
thermal UV-optical photons from the surrounding envelope
to the X-ray band without requiring relativistic electrons in
the comoving frame of the source.
c© 2015 RAS, MNRAS 000, 1–13
6 Lu, Krolik, Crumley & Kumar
𝜚 d𝜚
zs
𝛼c
𝜃 𝜃-𝛼c
z
𝜓
Figure 2. Conical inner surface geometry. The X-ray source is
on the z-axis at zs. The polar angle of the inner surface of the
envelope is αc. We denote the polar angle of light rays from the
source as θ and the cylindrical radius of the illuminated point on
the inner surface as %. The relation between zs and % is given
by cot θ = cotαc − zs/%. The angle between light rays from the
source and the surface normal is ψ = pi/2− (θ − αc).
In a more exact treatment, it would be necessary to
consider more carefully the finite-thickness transition layer
between the bulk of the surrounding gas and the low-density
region within the cone. In that transition layer, the den-
sity declines below the mean, lengthening the recombina-
tion time. Determining the sharpness of this density cut-off
is beyond the scope of the present work. We only comment
that the density profile is probably not exponential because
it is not determined by balancing a pressure gradient with
gravity; instead, the principal mechanism is penetration of
γ/X-rays into the gas layer and consequent heating. For this
reason, its characteristic thickness is likely determined by
the mean free path for Compton scattering. Thus, under
these circumstances, the fluorescence efficiency should be
fairly high.
4.2 Kα equivalent width
Given a geometry for the envelope’s inner surface, the equiv-
alent width (EW) of the line can be readily calculated. For
example, consider a simple model shown in Fig. (2) in which
the inner surface is exactly conical, with half-opening angle
αc, and we have
EW = 2KαY
∫
d%
%
ηrel(θ) sin
2 θ sin(θ − αc)
∫
K
Kα
dx
x1+α
f(),
' 2KαY f(K)
∫
d%
%
ηrel(θ) sin
2 θ sin(θ − αc)
(9)
where θ(%) is the polar angle of light rays from the
source, % is the cylindrical radius of the illuminated
point on the inner surface of the envelope, ηrel[θ(%)] ≡
[dL/dΩ(θ)]/(dL/dΩ|LOS) is the ratio between the intensity
striking on the surface and the intensity beamed along the
LOS (which we assume to be along the jet axis), K and
Kα are the energies of K-edge and Kα photons respectively,
the dimensionless integration variable x ≡ /Kα, f() is the
fraction of incident X-rays of energy  that photoionize an Fe
ion before escaping, Y is the fluorescent yield. In the second
row of eq. (9), we have used
∫
K/Kα
f()x−1−αdx ' f(K),
for the continuum power-law index α ' 0.8, K/Kα ' 4/3
and f() being a relatively smooth function.
Then we put numbers into eq. (9): Kα ' 7 keV,
f(K) ∼ 15, Y ' 0.6 (atomic yield for Fe23+,24+,25+, Krolik
& Kallman 1987), and d%/% ∼ 1. The trigonometry factor
sin2 θ sin(θ−α) is roughly 0.05 with uncertainty6 of a factor
of . 3. Therefore, we obtain EW ∼ 400η¯rel eV, where η¯rel
is the X-ray intensity correction due to relativistic beam-
ing averaged over the reprocessing surface. In eq. (9), we
have only included the Kα photons emitted directly from
the reprocessing surface. If the opening angle of the funnel
wall αc . 30o, a large fraction of Kα photons could bounce
between the inner surface of the wall before eventually es-
caping. These reflected Kα photons have lower energies and
longer lags with respect to continuum variations than the
photons that escape directly without reflection, and they
produce the red wing in the lag-energy spectrum (see dis-
cussion later in §4.3).
Modeling the detailed production and radiative trans-
fer of Kα photons is out of the scope of the current work.
Considering the purpose of this paper being understand-
ing the broad-brush picture of the jet-envelope interaction
in Swift J1644+57, we hereafter use the rough estimate
EW ∼ 400η¯rel eV, which has uncertainty up to a factor
of 3 mostly due to the unknown geometry of the system.
We argued in §4.1 that in order for most Fe atoms to be
H-like or less-ionized, the intensity ratio due to relativistic
beaming η¯rel . 0.1/(cosψ), where ψ = pi/2 − (θ − αc) may
vary in the range (60o, 90o) and hence cosψ . 0.5. This
means that the EW of the Kα line in Swift J1644+57 should
be . 80 eV (note that a modest ratio η¯rel ∼ 0.2 implies that
typical values for θ(%) are at most a few times 1/Γ). In the
time-integrated flux spectrum from XMM-Newton, there is a
narrow peak at 8 keV (host-galaxy rest frame; this is roughly
the same energy as the peak in the lag-energy spectrum)
with an EW of 60± 10 eV (Kara et al. 2016), which agrees
with our model.
However, this apparent agreement should be viewed
cautiously. In Suzaku data taken 7 days earlier, the EW is
< 7 eV (Kara et al. 2016), suggesting that the Kα EW is
subject to sizable fluctuations, perhaps caused by the sys-
tem’s changing geometry or Fe ionization state. As we will
discuss in section 5, the Kα EW plays an important role
in interpreting the lag spectrum. Due to possible fluctua-
tions, we do not take EW ' 60 eV as a hard constraint on
the system’s parameters, in order to be conservative. Future
5 For solar metallicity (nFe ' 3.5×10−5nH), the K-edge absorp-
tion opacity κK nearly equals to the Thomson opacity κT, if all
Fe ions are H-like (κK is larger for less ionized Fe). Compton scat-
tering does not destroy photons. In the narrow jet-cone geometry
of Swift J1644+57, a photon reflected from the funnel wall will
most likely hit the other side of the inner surface and eventually
gets absorbed.
6 For (θ = 20o, α = 10o), we have sin2 θ sin(θ − α) ' 0.02; for
(θ = 30o, α = 20o), it is ' 0.04; for (θ = 30o, α = 10o), it is
' 0.09; for (θ = 45o, α = 30o), it is ' 0.13.
c© 2015 RAS, MNRAS 000, 1–13
Jet-envelope interaction in TDEs 7
multi-epoch observations of more jetted TDEs may confirm
or falsify the existence of such a narrow Kα line.
If it is true, this narrow line gives interesting constraints
on the differential velocity, electron temperature and optical
depth of the line emitting region. (1) The full-width at half
maximum (FWHM) in the flux spectrum is only ∼ 0.2 keV,
which, combined with the blueshift velocity v ∼ 0.1-0.2c,
means the velocity difference between different parts of the
line emitting gas is only δv/v ∼ 20%. This means these Kα
photons are produced in a area where the gas has nearly
uniform LOS velocity. (2) Compton scattering broadens the
Kα line due to thermal motion of electrons and electrons’
recoil. The former is a symmetric Doppler broadening with
FWHM =
√
8ln2(kTe/mec
2)1/20 ' (0.2 keV)T 1/2e,6 , where
we have used the rest line energy 0 ' 7 keV. This means
that the narrow line emitting region must have temperature
Te 6 106 K. The latter (electrons’ recoil) causes Kα pho-
tons to consistently lose energy; 20/(mec
2) ' 0.1 keV per
scattering (assuming 4kTe  0). This means that the Kα
photons in this narrow line are produced in a region where
the Thomson depth is τ . 2.
4.3 Bouncing between the funnel wall surface
While the narrow line in the flux spectrum of XMM-Newton
has FWHM ∼0.2 keV, the line in the lag-energy spectrum
is much broader, with FWHM ∼1 keV7. We show that the
broad red wing in the lag-energy spectrum is likely due to
Kα photons bouncing between the inner surface of the en-
velope.
In §4.2, we only considered thermal and Compton
broadening within the Kα emitting region. The average frac-
tional energy loss of a photon in each Compton scattering
is 0/(mec
2) ' 1.4%. In the physical situation, Kα photons
are produced at a range of optical depths τ ∈ (1, ∼3), so
we expect a narrow component from directly escaping pho-
tons which are only Doppler broadened due to different LOS
velocities and a broad component which is broadened due
to both Doppler effect and Compton scattering (see Fig. 14
of Pozdnyakov et al. 1983). A fraction of Kα photons may
scatter off electrons up to ∼ 5-10 times (depending on τ at
the emitting location), possibly causing broadening at the
level of ∼ 10% (or 1 keV) toward the red wing. Due to the
small mean free path (κTρ)
−1 ' 1.5× 1010(ρ/ρ¯)−1 cm (ρ¯ is
the mean density of the envelope given by eq. 6), scattering
within the Kα emitting region does not introduce significant
extra lag time. As we will show in section 5, the observed lag
time in each energy bin is the proportional to the true lag
time multiplied by the line flux. Thus, if different energy bins
have nearly the same true lag time, the line profile in the
lag spectrum is similar to that in the flux spectrum. In this
sub-section, we show that Kα photons bouncing between the
inner surface of the funnel wall also cause broadening but
with significant extra lag.
7 A Gaussian fit with standard deviation 0.67 keV and FWHM =
1.6 keV was obtained by Kara et al. (2016), but the fit was poor
due to the asymmetric line shape (strong red wing with little blue
wing). The point with half of the peak lag time is about 1 keV
below the peak energy.
Consider a conical wall of opening angle αc . 30o mov-
ing radially outwards at velocity β (and γ = 1/
√
1− β2).
At point A, we assume that a Kα photon is emitted along
the local surface normal. The energy of this photon in the
BH frame is  = 0/γ, where 0 is the rest line energy. We
assume that the photon is immediately reflected when it
reaches the other side of the wall at point B. The angle
between the momentum vectors of the photon and the elec-
tron at point B is φ = pi/2−2αc. In the electron’s comoving
frame, the photon’s energy is ′ = γ(1 − β cosφ). We as-
sume that the photon is scattered toward the direction of
the observer (along the jet axis) and ignore electron’s recoil,
so the scattered photon’s energy in the BH rest frame will
be
Bobs =
′
γ(1− β cosαc) =
0(1− β sin 2αc)
γ(1− β cosαc) . (10)
Note that if the photon were initially emitted from point A
directly toward the observer, its energy is
Aobs =
0
γ(1− β cosαc) . (11)
From eqs. (10) and (11), we see that the energy of the photon
after bouncing (Bobs) is a factor of (1−β sin 2αc) smaller than
that without bouncing (Aobs). For typical parameters (αc ∼
20o-30o, β ∼ 0.1-0.2), we have Aobs/Bobs − 1 ∈ (6%, 17%).
We assume point A is at distance R from the BH, so the
extra lag due to bouncing in this case is
∆tlag =
R
c
tan2αc(1− sinαc). (12)
For αc = 20
o (30o), we obtain ∆tlag ' 1.8× 103R14 s (2.9×
103R14 s).
The estimates above are based on the assumption that
the photon is emitted along the surface normal at point A.
To model the line profile in detail, one needs to consider a
more realistic geometry with an extended emitting region
and then take into account beaming at the emitting point
and electrons’ recoil (and possible absorption) at the scat-
tering point. Instead of going into these details, here we only
comment on the qualitative picture that each bounce broad-
ens the line by ∼ 1 keV and causes extra lag time of ∼ 2000
seconds. Later in section 5, we show that the red wing of
the lag-energy spectrum from XMM-Newton is qualitatively
consistent with broadening due to bouncing.
4.4 Blueshift due to the radiation-driven wind
Absorption and scattering of γ/X-rays striking the surface of
the envelope also deposit into the surrounding gas a compo-
nent of momentum parallel to the surface. This momentum
accelerates a layer of gas near the surface of the envelope
with Thomson depth τatm ∼ 3 (what we call the atmosphere,
see Fig. 1), and the rate of acceleration is
g‖ =
ηrelL sin
2 θ
4pi%2
κT
cτatm
cos(θ − αc), (13)
where L is the isotropic-equivalent bolometric luminosity
(including γ-rays), κT is the Thomson opacity and % is the
cylindrical radius of the gas from the jet axis. We assume the
acceleration operates from R = %/ sinαc to 2R and obtain
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the asymptotic speed v ' (g‖R)1/2, i.e.
v ' 0.3c
(
ηrel
0.1
L47.5
R14
3
τatm
)1/2
sin θ
sinαc
[cos(θ − αc)]1/2 . (14)
Since αc ' θ  1, the trigonometry factor is ' 1. Therefore,
we find that the γ/X-ray flux required to generate the Kα
photons can naturally accelerate the Kα-emitting gas to the
speed required by the Kα blueshift, 0.1-0.2c. The gas at the
funnel wall may be further accelerated to higher speeds after
passing through the Kα production region.
5 Kα LAG TIME
The lag-energy spectrum of Swift J1644+57 shows that the
variations of Fe Kα line flux at frequencies νvar = (2-
10)(1 + z) × 10−4 Hz follow the corresponding variations
of the continuum at 4-5 keV and 8-13 keV by a time lag of
tobs ∼ 120/(1+z) s (with 1-σ error ∼40 s). The requirement
that the fluorescing gas must be at a distance & 1014 cm
seems in conflict with this short lag time. However, in this
section, we show that the measured lag time suffers from
significant dilution due to the coherently varying continuum
component. The dilution-corrected lag time constrains the
radius where the jet radiation is produced.
We denote the ratio between the Kα flux and the direct
continuum flux in the peak lag-time energy bin 7.4-8.1 keV
as q, and the dilution of lag time depends on q. Since the
direct continuum flux dominates each energy bin, we have
q  1. Consider the superposition of a continuum compo-
nent sinωt and a reflected component delayed by ttrue with
a much smaller amplitude q sinω(t− ttrue), i.e.
sinωt+ q sinω(t− ttrue) = A sinω(t−Bttrue). (15)
It is straightforward to show that
A = (1 + 2q cosωttrue + q
2)1/2,
B =
1
ωttrue
tan−1
q sinωttrue
1 + q cosωttrue
,
(16)
and B is the ratio between the observed (diluted) lag time
tobs and the true lag time ttrue. Note that a component that
does not vary in the (2-10)(1+z)×10−4 Hz frequency range
has no effect on the measured lag, because it is filtered out in
the cross-correlation process in this specific frequency range
(Uttley et al. 2014). In the limit of q  1, we have
tobs
ttrue
= B ' qsinc(2piνvarttrue) (17)
where νvar is the frequency of flux variations and we have
used the function sinc(x) = sinx/x.
In section 4, we have estimated EW ∼ 400η¯rel eV with
an uncertainty of a factor of . 3, where η¯rel is the X-ray in-
tensity correction due to relativistic beaming averaged over
the reprocessing surface and η¯rel . 0.2 is required by the Fe
ionization state. Hereafter, we suppose that the EW of the
broad Kα line is . 80 eV, so the ratio between the line and
continuum fluxes in the 7.4-8.1 keV energy bin has an upper
limit (from assuming all Kα photons to be in this bin)
q . EW
0.7 keV
. 0.1 (18)
Since sinc(2piνvarttrue) < 1, we obtain from eq. (17) a lower
limit of the true lag time ttrue & 8× 102 s.
(R ,θ )j j
Figure 3. Schematic picture of Fe Kα line production in the
jet-envelope interaction geometry. We use spherical polar coordi-
nates centered on the BH with polar/z axis pointing toward the
observer. The positions of the jet radiation and Kα emission are
(Rj, θj) and (RK, θK), respectively. The true lag time between the
continuum and Kα line is light-travel time difference between the
two paths marked in dashed red curves. The black dashed curve
is the Thomson surface where the optical depth for electron scat-
tering τ = 1.
In the lag-energy spectrum, the measured lag time
drops toward the red wing. Broadening due to bouncing be-
tween the funnel wall surface causes longer lag time, and
hence the flux ratio q must decrease toward the red wing
faster than the increasing of lag time. From §4.3, we see that
bouncing between the funnel wall surface causes broadening
of ∼ 1 keV and extra lag time ∆tlag ∼ 2 × 103 s. The lag-
energy spectrum has rather poor energy resolution and the
half-lag point (where the measured lag is half of the peak lag)
is roughly ∼ 1 keV below the peak. The line-to-continuum
flux ratio at the half-lag point q1/2 is smaller than the ratio
at the peak q (eq. 18) by a factor of ttrue(peak)/2∆tlag & 0.2
(using ttrue(peak) & 8×102 s), i.e. q1/2 & 0.2q. This is qual-
itatively consistent with the fact that broadening due to
bouncing decreases the line flux density.
Modeling the lag-energy spectrum in detail is out of the
scope of current work, but we emphasize the following two
points: (1) scattering off the funnel wall causes photon en-
ergy redshift from the line center and introduces extra lag
time; (2) the line amplitude in the lag-energy spectrum is
proportional to the product of the number of Kα photons
and their lag time, while the flux-spectrum amplitude is pro-
portional only to the number of Kα photons. Therefore, the
line in the lag-energy spectrum is broader than that in the
flux spectrum.
In the following, we use the true lag time to constrain
the jet radiation radius. Let us assume the positions of di-
rect continuum and Kα emission are (Rj, θj) and (RK, θK)
respectively in spherical polar coordinates as shown in Fig.
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(3). The light-travel time for direct continuum is
t1 = (RK cos θK −Rj cos θj)/c ' (RK cos θK −Rj)/c (19)
where we have used cos θj ≈ 1. The light-travel time for
diffusion plus advection in the envelope t2 depends on the
detailed velocity and density profile of the envelope, but a
simple estimate can be made as follows. In the optically thin
limit τ ∼ 1, photons travel almost in a straight line, i.e.
t2 ' (R2K +R2j − 2RKRj cos θK)1/2/c, (20)
where we have used θj  θK. Using RK = xRj, we have
t2 − t1 ' (
√
x2 − 2x cos θK + 1− x cos θK + 1)Rj/c, (21)
which depends on x weakly. It varies in (0.25, 0.5)Rj/c or
(0.5, 1.0)Rj/c when x ∈ (1.5, 7) for θK = 20o or 30o respec-
tively, so we obtain
t2 − t1 ' Rj/2c, if τ ∼ 1. (22)
On the other hand, when the optical depth of the line pro-
duction region is large τ  1, photons undergo many scat-
terings N ∼ τ and hence travel slower than free streaming.
Photons are either advected by the fluid motion (if τ > 1/β)
or diffuse through the envelope (if τ < 1/β), and in any of
the two cases, a conservative estimate of the travel time is
the diffusion time8
t2 ' τRj/2c, if τ  1. (23)
Combining eq. (22) and (23), we obtain the true lag time
expected from the jet-envelope interaction
ttrue = t2 − t1 ' τRj/2c, for any τ & 1, (24)
which gives τRj ' 5×1013(ttrue/8×102 s) cm. Since ttrue &
8 × 102 s and τ ∼ 3, we obtain a lower limit of the jet
radiation radius of ∼ 2× 1013 cm. On the other hand, as we
show in Appendix A, the photospheric radius of the envelope
is typically ∼ a few×1014 cm, which gives an upper limit of
the jet radiation radius of ∼ 3× 1014 cm. We conclude that
the radius where the jet energy is converted to radiation is
2× 1013 . Rj . 3× 1014 cm.
6 DISCUSSION
In this section, we discuss the implications of our results for a
variety of topics, including the radiation mechanism of γ/X-
rays, other observable signatures of jet-envelope interaction,
and a possible explanation of the late-time radio emission
from Swift J1644+57. Some remaining issues and caveats
are mentioned at the end.
(1) Many different radiation mechanisms for the γ/X-
ray continuum in Swift J1644+57 have been discussed
by Crumley et al. (2016). The leading candidates are
synchrotron emission from electrons accelerated by mag-
netic reconnection and the external radiation being inverse-
Compton scattered by electrons in the jet (hereafter EIC
model). Lu & Kumar (2016) showed that the EIC model
8 Consider a photon in a 3D random walk with step sizes in
Poisson distribution of mean value λ (mean free path). The mean
distance traveled after N steps is SN =
√
2Nλ and the mean
travel time is tN = Nλ/c = S
2
N/(2λc).
is consistent with Swift J2058+05 where the thermal ex-
ternal radiation field was observed in the UV-optical. An
issue of the EIC model is how to produce a power-law γ/X-
ray spectrum, because hot electrons cool down to Lorentz
factors γe ∼ 1 extremely quickly. Here we discuss the im-
plications of the results from this work on the EIC model.
The general idea is that multiple scattering within a flow
that has strong shear motion can produce a power-law spec-
trum in a Fermi-like process. The number of leptons per
proton9 is denoted as ξe ∈ [1,mp/me] and the magnetiza-
tion parameter is σ. If the jet has isotropic equivalent power
Lj = 10
48Lj,48 erg s
−1, Lorentz factor Γ = 10Γ1 and half-
opening angle θj = 0.1θj,−1, electron number density at ra-
dius R = 1014R14 cm is ne = Lξe/[4piR
2Γmpc
3max(1, σ)]
(in the BH’s rest frame), so the jet optical depth in the
transverse direction is
τj,trvs ' σTneRθj ' 0.12 Lj,48θj,−1ξe
R14Γ1max(1, σ)
, (25)
and the optical depth for a photon propagating in the radial
direction outward is a factor of ∼ 10 smaller.
The fraction of the jet radiation impinging the surface
of the envelope is
fimp =
∫ pi/2
αc
dL
dΩ
(θ) sin θdθ∫ pi/2
0
dL
dΩ
(θ) sin θdθ
∼ η¯rel. (26)
This estimate is a consequence of the fact that dL/dΩ(θ)
is a rapidly-declining function of θ. Because ηrel(θ) ≡
[dL/dΩ(θ)]/(dL/dΩ|LOS) is the X-ray intensity correction
due to relativistic beaming, we have
∫ pi/2
αc
dL/dΩ sin θdθ ∼
dL/dΩ|LOS η¯relα2c/2. The LOS of the observer is close to
the jet axis and most radiation power is beamed within
the opening cone of angle αc, so the denominator is ∼
dL/dΩ|LOS α2c/2, and hence fimp ∼ η¯rel. This means roughly
a fraction of ∼ 10%η¯rel,−1 of the beaming corrected jet ra-
diation energy is reprocessed by the surrounding envelope.
Consider a fraction fimp ∼ η¯rel of the photons that
have been scattered once by the jet impinging on the sur-
rounding gas again. When the ionization parameter is high
ξ > 103 erg cm s−1, the albedo in the 0.3-10 keV range of
is of order unity (Lightman & White 1988), so most of the
photons are reflected back to the jet region and will likely
get scattered again by the jet electrons. If electrons in the
jet are cold (γe ∼ 1), photons scattered by the jet obtain
a fractional energy gain of Γ2r , where Γr ' ΓΓs(1 − βs) is
the relative Lorentz factor between the jet (Lorentz factor
Γ) and the reflecting gas at the Thomson surface (speed βs
and Lorentz factor Γs).
Therefore, the Compton y parameter for repetitive scat-
9 We assume that the jet kinetic energy is dominated by protons.
If the kinetic energy is dominated by e± pairs, the optical depth
for annihilation at the base of the jet is ∼ χmp/(σ0me), where
σ0 is the initial magnetization and χ is the ratio between true
jet power and the Eddington luminosity and we have assumed
Thomson cross-section because relativistic leptons cool rapidly
via synchrotron process. For Swift J1644+57, we have χ ∼ 10-100
(depending on the radiation efficiency), so pairs will annihilate
after jet launching if σ0 . 104. Pair plasma also suffers from a
much stronger Compton drag that may slow down the jet quickly.
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tering between the jet and surrounding envelope is
y ' η¯relτj,trvsΓ2r ' 0.6 η¯rel,−1Lj,48ξe
R14max(1, σ)
Γ2s (1− βs)2
0.5
(Γθj), (27)
from which we see that y is of order unity for a baryonic
jet at radius R ∼ 1014 cm, so a power-law spectrum may
be produced in the EIC model even when the jet elec-
trons are cold. Recall that in the model of Kara et al.
(2016) the source is moving sub-relativistically, and rela-
tivistic power-law electrons are required to produce the ob-
served hard power-law γ/X-ray spectrum. The thermal seed
photons from the surrounding envelope have energy density
∼ aT 4 ∼ 106 erg cm−3 for T = 105 K, which means the
inverse-Compton cooling time of an electron with Lorentz
factor γe  1 is very short: ∼ 30γ−1e s. Here, the EIC model
with cold electrons does not have the cooling problem. The
isotropic equivalent EIC luminosity from a baryonic jet with
cold electrons is given by
LEIC ∼ LjR/c
Γmpc2
× σTcΓ2aT 4
∼ (3× 1047 erg s−1) Lj,48R14Γ1T 45 ,
(28)
which is consistent with the observed γ/X-ray luminosity in
the first ∼ 10 d (Burrows et al. 2011; Bloom et al. 2011).
Note that the jet optical depth in the transverse direction
(τj,trvs, eq. 25) drops dramatically when photon energies in
the jet comoving frame approach the Klein-Nishina regime
(hν′ ∼ mec2), so the power-law spectrum cuts off at ∼a
few MeV in the EIC model. This could be tested by future
observations.
(2) In order for the surface of the envelope not to be
over-ionized, the ratio between the X-ray intensity strik-
ing the surface and the intensity beamed in the direction
of the observer is η¯rel . 0.2. However, we did not spec-
ify how the angle-dependent radiation power distribution
dL/dΩ(θ) is physically realized. One scenario is that the
jet has a core-sheath structure, i.e. an ultra-relativistic core
is surrounded by a mildly relativistic sheath with Γsh ∼ 2
(e.g. Georganopoulos & Kazanas 2003; Giroletti et al. 2004;
Ghisellini et al. 2005), so the sheath scatters the narrowly
beamed radiation from the core to much wider angles. An-
other possibility is that the jet has Lorentz factor of Γ ∼ 3-5
but the opening angle of the jet is much narrower than 1/Γ.
This allows a significant fraction of jet radiation to impinge
on the surrounding optically thick gas, and at the same time
direct hydrodynamical contact between the jet and envelope
(baryon pollution) is avoided. The third scenario is that, al-
though the bulk motion of the jet has a large Lorentz factor
Γ ∼ 10, magnetic reconnection at the jet dissipation radius
produces relativistic motion in the jet comoving frame (e.g.
Narayan & Kumar 2009; Giannios et al. 2009). This allows
the relativistic beaming angle to be much wider than 1/Γ.
The results in this work do not depend on how the angle de-
pendence of the jet radiation is physically realized, as long
as the beaming correction η¯rel . 0.2.
(3) The total amount of radiation power reprocessed by
the surrounding envelope is given by
Limp = fimp
∫ pi
0
dL
dΩ
(θ) sin θdθ ∼ η¯relα2c dL
dΩ
∣∣∣∣
LOS
∼ (7× 1044 erg s−1)
( αc
30o
)2
η¯rel,−1L47.5,
(29)
where we have used
∫ pi
0
dL/dΩ sin θdθ ∼ dL/dΩ|LOS α2c ,
fimp ∼ η¯rel, and L = 4pi dL/dΩ|LOS = 1047.5L47.5 erg s−1
is the isotropic equivalent bolometric luminosity from the
jet. In the momentum-driving limit (eq. 13), the expand-
ing atmosphere only carries a small fraction of the energy
of the reprocessed jet radiation. The γ/X-rays may be ad-
vected out with the outflow or bounce between the inner
walls until the photons’ momenta are directed within the
narrow opening angle of the funnel wall, and in this pro-
cess they could get absorbed (bound-free absorption) or
Compton down-scattered. For example, a photon of energy
 = mec
2/N loses most of its energy to electrons after ∼ N
scatterings. The energy of the reprocessed jet radiation is
converted to gas internal energy which is then converted to
bulk kinetic energy via adiabatic expansion. This energy-
driven wind likely involves more envelope mass and is wider
than the momentum-driven one. The power of the energy-
driven wind could be a large fraction of Limp given in eq.
(29), and hence it may be much stronger than the possible
wind launched from the accretion disk. If all jetted TDEs
have jet-envelope interactions similar to the one we pro-
pose for Swift J1644+57, their UV-optical emission may be
systematically brighter than in non-jetted TDEs. If the ob-
server’s LOS is within the cone of the reprocessing wall, the
thermal UV-optical emission due to the reprocessed jet ra-
diation has temperature T ∼ [Limp/(4piR2 sin2 αcσSB)]1/4 ∼
(1.4 × 105K) η¯1/4rel,−1L1/447.5R−1/214 , where σSB is the Stefan-
Boltzmann constant. The temperature and luminosity will
be lower for off-axis observers.
(4) The radio emission from Swift J1644+57 was from
the external shocks produced when the jet and possibly a
wind interacted with the circum-nuclear medium (CNM) at
large distances from the BH. The radio lightcurve and spec-
trum in the first few weeks can be adequately explained by
the external shocks from a relativistic jet of Lorentz factor
∼ 10 (Metzger et al. 2012). In their model, the CNM density
decreases with radius rapidly n ∝ r−2. Since no indication
of significant late-time energy injection into the jet was seen
in the X-ray lightcurve, as the jet-driven shock decelerates,
its radio emission should fade away after ∼ 30 d. However,
an unexpected rebrightening phase was found at ∼ 150 d
post-discovery, which may be due to a slower non-/mildly-
relativistic wind (Berger et al. 2012; Zauderer et al. 2013;
Barniol Duran & Piran 2013; Mimica et al. 2015), although
Kumar et al. (2013) had a different explanation. Here, we
propose that the jet-envelope interaction naturally launches
a wide-angle non-relativistic wind, which drives an external
forward shock capable of explaining the radio rebrightening.
The emission from the forward shock roughly peaks at
the deceleration radius Rdec where the swept-up mass equals
to the ejecta mass. For the purpose of a rough estimate,
we assume the CNM density profile in Swift J1644+57 to
be similar to our Galactic Center n(R) = npc(R/pc)
−1.5
and npc = 10npc,1 cm
−3 (Baganoff et al. 2003). If the
wind has kinetic energy Ew and speed βwc, the deceler-
ation radius is Rdec ' (0.03 pc) E2/3w,51(βw/0.3)−4/3n−2/3pc,1 ,
so the deceleration time is tdec ' Rdec/(βwc) '
(100 d) E
2/3
w,51(βw/0.3)
−7/3n−2/3pc,1 . The emission from exter-
nal shocks has been well studied in the gamma-ray burst
literature and it is generally assumed that power-law elec-
trons and magnetic fields share fractions of e and B of
c© 2015 RAS, MNRAS 000, 1–13
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the thermal energy in the shocked region (e.g. Kumar &
Zhang 2015). The forward shock accelerates swept-up elec-
trons to a power-law distribution dN/dγe ∝ γ−pe with min-
imum Lorentz factor γm = (p − 1)empβ2w/[2(p − 2)me] '
30 e,−1(βw/0.3)2 for p = 2.4, which is given by the high-
frequency radio spectrum Fν ∝ ν−0.7 = ν(1−p)/2. At the de-
celeration radius, the magnetic field strength in the shocked
region is B = (0.1 G)
1/2
B,−2(βw/0.3). The synchrotron emis-
sion from an electron with Lorentz factor γe peaks at ν =
3γ2e eB/(4pimec) ' (4.2 GHz)γ2e,2B−1 and the peak specific
power is Pν,peak ' e3B/(mec2).
The late-time radio spectrum peaks at ∼ 10 GHz and
roughly has Fν ∝ ν2 below the peak frequency (Berger et
al. 2012). The synchrotron frequency associated with γm
is much below GHz, so the peak corresponds to the self-
absorption frequency νa (associated with Lorentz factor γa)
roughly given by 4piR2dec 2kTaν
2
a/c
2 ' N(> γa)Pν,peak/(4pi),
where kTa = γamec
2 is the temperature associated with
the emitting electrons. The number of electrons emitting
at frequency νa is N(> γa) ' 2Ew/(β2wmpc2) (γa/γm)1−p.
Therefore, we obtain the self-absorption frequency νa '
(6 GHz) E−0.1w,51(βw/0.3)
1.8n0.4pc,1
0.7
B,−2
0.4
e,−1 and the peak flux
density Fνa ' (7 mJy) E1.1w,51(βw/0.3)1.3n−0.3pc,1 0.6B,−21.1e,−1 (for
z = 0.354). To within a factor of . 3, these estimates roughly
agree with the radio data after about 90 d (Berger et al.
2012) when the jet-driven external shocks have faded away.
Better agreement can be comfortably made by adjusting
some of the parameters such as B and e. For more de-
tailed modeling, one needs to consider many uncertain fac-
tors: the angular distribution of wind energy/speed, the un-
known CNM density profile, and electron acceleration and
magnetic field amplification at collisionless shocks.
(5) Due to the uncertainty and complexity of the sys-
tem, our jet-envelope interaction model is limited in the fol-
lowing two aspects. First, we only consider the impact of
the jet radiation on the surrounding envelope and have ig-
nored the feedback on the jet. In reality, the jet and envelope
may be dynamically coupled through the effective viscosity
provided by Compton scattering. Second, the detailed Kα
line production and radiative transfer processes (e.g. line
flux profile, lag-energy profile) have not been studied. Our
model can be improved by future numerical simulations of
jet-envelope coupling and will be tested by future observa-
tions of jetted TDEs.
7 CONCLUSION
If the γ/X-rays from jetted TDEs are produced below the
photospheric radius of the surrounding optically thick enve-
lope, a fraction of the jet radiation may interact with and
affect the dynamics of the envelope. An evidence of this in-
teraction is the Fe Kα line detected in the reverberation lag
spectrum from Swift J1644+57 by Kara et al. (2016).
The discovery paper argued that the source of the γ/X-
ray continuum was located very close to the BH (∼ 30 grav-
itational radii) and moved sub-relativistically. We have re-
analyzed the lag spectrum, pointing out that dilution effects
cause it to indicate a geometric scale an order of magnitude
larger than inferred by Kara et al. (2016). If the γ/X-ray
continuum is produced by a relativistic jet, as suggested by
the rapid variability, high luminosity and hard spectrum,
this larger scale predicts an Fe ionization state consistent
with efficient Kα production. Moreover, the relativistically
beamed jet radiation impinging on the funnel wall of the
surrounding gas also accelerates the reprocessing layer of
Thomson depth τ ∼ 3 to speeds β ∼ 0.1–0.2.
Our model can explain the following observational re-
sults qualitatively: (i) the line energy is blueshifted from the
rest energy 0 to obs = 0/[γ(1 − β cosαc)] ' (1 + β)0 for
funnel wall opening angle αc . 30o and outflowing speed
β . 0.2; (ii) the broad asymmetric red wing in the lag-
energy spectrum extending from the peak at '8 keV down
to 6–7 keV (energies in the host-galaxy rest frame) is due
to Kα photons bouncing between the inner surface of the
envelope plus Compton down-scattering; (iii) the Kα lag
time of ∼ 120/(1 + z) s, which suffers from dilution by the
coherently varying continuum photons that dominates in
each energy bin, indicates that the jet radiation radius is
at Rj & 2 × 1013 cm (and the photospheric radius of the
reprocessing gas gives an upper limit of Rj . 3× 1014 cm).
Our model fits well with the global picture of jetted
TDEs. Although our model does not depend on the jet radi-
ation mechanism, we show that the power-law γ/X-rays may
be produced by the external photons from the surrounding
envelope being repetitively inverse-Compton scattered by
cold electrons in the jet. The reprocessed jet radiation drives
a non-relativistic wind, which may explain the late-time ra-
dio rebrightening of Swift J1644+57. This energy injection
may also cause the thermal UV-optical emission from jetted
TDEs to be systematically brighter than in non-jetted ones.
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APPENDIX A:
We show that the photospheric radius of the envelope
responsible for the thermal UV-optical emission is ∼ a
few×1014 cm. We define the photospheric radius Rph based
on the two observable quantities of a thermal spectrum,
bolometric luminosity Lbol and temperature T , in the fol-
lowing way
Lbol = 4piR
2
phσSBT
4, (A1)
where σSB is the Stefan-Boltzmann constant. Note that Rph
here does not necessarily equal to the Thomson surface ra-
dius Rs where the optical depth for electron scattering τ
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Table A1. The photospheric radius defined by Lbol = 4piR
2
phσSBT
4 can be constrained by eqs. (A5) and (A7) from one data
point (ν0, L0 ≡ ν0Lν0 ) on the R-J tail at a certain post-discovery time in the host-galaxy rest frame. We list the constraints for
some recent TDEs. References: (1) Pasham et al. (2015), (2) Levan et al. (2016), (3) Gezari et al. (2009), (4) Gezari et al. (2012),
(5) Holoien et al. (2016).
TDEs Refs. ν0[Hz] L0[erg/s] time[d] Rmin[cm] Rmax[cm]
Sw J2058+05 (1) 1.0e15 1.3e44 11 2.2e14 4.8e14
Sw J1644+57a (2) 7.1e14 ∼6.4e43 17 ∼2.6e14 ∼6.6e14
D23H-1 (3) 7.5e14 2.9e42 20 3.1e13 1.3e14
D3-13 (4) 8.6e14 9.0e42 ∼20 4.9e13 1.7e14
PS1-10jh (4) 4.2e14 5.7e42 30 1.5e14 5.6e14
ASSASN-14li (5) 9.1e14 9.2e42 8 4.3e13 1.5e14
a For Swift J1644+57, strong dust extinction causes a large uncertainty (up to a factor of ∼10 to 30) in the r-band flux, due
to unknown reddening E(B − V ) and extinction law parameter RV ≡ AV/E(B − V ). The uncertainties at longer wavelengths
are much less (∼ 50% at H-band), but the near-infrared spectrum before and after extinction correction is clearly not R-J like
(there may be a power-law component due to external shocks, see Levan et al. 2016, their Fig. 6). Here, for the purpose of a
rough estimate, we apply RV = 3.1 and E(B− V ) = 1.5 mag to the r-band data and correct for dust extinction of 5.5 mag in the
host-galaxy rest frame, using the reddening law calibrated by Schlafly & Finkbeiner (2011). For RV = 3.1 and E(B−V ) = 2 mag,
the photospheric radius is between Rmin = 8.5× 1014 cm and Rmax = 1.6× 1015 cm.
equals to 1. If the bound-free opacity is comparable to elec-
tron scattering opacity, thermalization happens near the
Thomson surface Rs ' Rph.
The peak of the TDE thermal component (at hν '
2.8kT ) is always in the far UV and has never been observed.
Therefore, there are large uncertainties in Lbol and T and
eq. (A1) cannot be directly used to measure Rph. Usually,
the observable part is on the Rayleigh-Jeans (R-J) tail
νLν =
15Lbol
pi4
(
hν
kT
)3
= L0(ν/ν0)
3, (A2)
where we have normalized the spectrum with a measured
data point (ν = ν0, νLν = L0) on the R-J tail. We put Lbol
from eq. (A1) into eq. (A2), take ν = ν0, and then obtain
the temperature T as a function of photospheric radius Rph
kT =
L0c
2
8pi2ν30
1
R2ph
(A3)
Since the observed data point is far below the blackbody
peak, we have
hν0 < kT. (A4)
Combining eqs. (A3) and (A4) gives an upper limit of Rph
which we denote as R0, i.e.
Rph < R0 ≡
√
2L
1/2
0 c
4pih1/2ν20
. (A5)
On the other hand, eq. (A2) also gives us the temperature
as a function of the bolometric luminosity (ν0 and L0 are
knowns)
kT =
15hν0
pi4L0
Lbol 6
15hν0
pi4L0
Lmax, (A6)
where the maximum bolometric luminosity Lmax ∼
1047 erg s−1 comes from assuming a total energy budget
of ∼ 1053 erg and the duration of peak luminosity ∼ 106 s.
Then, this upper bound on temperature gives a minimum
photospheric radius through eq. (A3). Combining the limits
on both ends, we obtain(
pi4L0
15Lmax
)1/6
< Rph/R0 < 1. (A7)
For L0/Lmax = (10
−2, 10−3, 10−4), the left-hand side of eq.
(A7) [pi4L0/(15Lmax)]
1/6 = (0.63, 0.43, 0.29) is not far from
unity. Therefore, we conclude that the photospheric radius
defined in eq. (A1) can be constrained to a fairly narrow
range Rph ∈ (R0/3, R0), where R0 can be determined by
one data point (ν0, L0) on the R-J tail.
We list in Table A1 the constraints on photospheric
radii in some recent TDEs. The jetted TDEs Swift
J2058+05, Swift J1644+57 and some non-jetted TDEs have
Rph ∼ a few×1014 cm.
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